to examine critically the current approach to radiological environmental protection. The meeting brought together participants from the field of low dose radiobiology and those working in radioecology. Both groups have a common aim of identifying radiation exposures and protecting populations and individuals from harmful effects of ionising radiation exposure, but rarely work closely together. A key question in radiobiology is to understand mechanisms triggered by low doses or dose rates, leading to adverse outcomes of individuals while in radioecology a key objective is to recognise when harm is occurring at the level of the ecosystem. The discussion provided a total of six strategic recommendations which would help to address these questions.
Introduction
Radiobiology as a sub-division of Radioecology is often neglected. However moves over the last few years to protect the natural environment from harmful effects of ionising radiation, rather than assuming protecting humans also protects other species, has led to a need for radioecologists and radiobiologists to establish a closer and more meaningful dialog. Cross-fertilization in science resulting from bringing the fields together has often proven to be very effective in promoting new theories and innovation (Jones, 2009; Van Noorden, 2015) .
Radiobiology has essentially been developed in the context of understanding how radiation affects living tissues, and is aimed at helping to protect humans from deleterious effects of radiation such as cancer. It has therefore been focussed on biological materials derived from humans or from a few species considered as human surrogates.
Radioecology in turn, has been dominated in the decades since the accident at Chernobyl (Smith and Beresford, 2005) by a consideration of the environment as a simple mediator of transfer of radiation towards man, therefore largely ignoring radiation effects on animals and plants and their related ecosystems, and the potential of these environmental perturbations to impact on humans indirectly (Caffrey et al., 2014; Salbu, 2009) .
Responsibility for protection of the environment from anthropogenic ionising radiation has been a universally accepted principle since radiation safety was first put on an international and institutional footing. From both an anthropocentric point of view and from an ethical point of view, the imperative to protect the environment has been accepted and formalised in, for example recently, IAEA GSR Part 3 published in 2014 (European_Commission_and_others, 2014) . In this set of recommendations, protection of the environment is broadly defined as follows: "include(s) the protection and conservation of: non-human species, both animal and plant, and their biodiversity; environmental goods and services, such as the production of food and feed; resources used in agriculture, forestry, fisheries and tourism; amenities used in spiritual, cultural and recreational activities; media, such as soil, water and air; and natural processes, such as carbon, nitrogen and water cycles."
This definition provides a more complex articulation of environmental protection than just the sustainability and complexity of ecosystems, in that it also takes an anthropocentric view of the utility of the natural environment to humans. Thus it supports the main thrust of radiation protection legislation for which the primary purpose is protection of humans. The question addressed in the workshop was whether the current approach to environmental protection is sufficient to meet these aspirations, and whether in the light of more recent developments in our understanding of the action of low-dose ionizing radiation on the biosphere the approach currently adopted, that of using key indicator or "reference" species (RAPs) (ICRP, 2008) as surrogates for the effect of radiation on humans in the contaminated environment, is any longer adequate, especially in the case of chronic low dose exposure. The currently used RAPs are deer, rat, duck, frog, bee, earthworm, crab, trout, flat fish, pine tree, grass, seaweed. There is concern not only that the list is limited to 12 undefined organism types but about the fact that no number of organisms can represent the complexity and diversity of the ecosystem.
The recent move towards consideration of effects on wildlife presents new opportunities in radiobiology, since it has been known for many years that biodiversity presents a large spectrum of radiosensitivities within and between a wide range of species (Bowen, 1961) including humans (Bouffler, 2016) . Unravelling the mechanistic reasons for these varied radiosensitivities has been quite poorly addressed so far. However, understanding these mechanisms should provide new insights that may prove to be very useful in better understanding human radiobiology, and may aid the development of a more holistic understanding of the impact of radiation on the ecosphere.
The workshop on which this paper reports represented an interdisciplinary attempt to address some of the key issues relevant to both fields, and to assess what changes in approach might be desirable to better realise the aspirations already articulated through international regulatory and advisory bodies; specifically the International Atomic Energy Authority (IAEA) and the International Commission on Radiological Protection (ICRP).
Key questions
In order to structure the discussion a key question was identified in each discipline and subdivided yielding topics for discussion. The key question in radioecology was identified as "how do we protect biodiverse ecosystems to the benefit of humans and other living organisms"? While in radiobiology the key question was "what are the risks to human and non-human animal health associated with low/chronic dose exposures"? From these overarching questions, the topics for discussion were as follows:
1. Development of big data approaches to gathering and analysing large scale complex ecosystem data: informatics, citizen scientists and ecological observatories 2. Segmentation of the ecosystem to provide niche and landscape data to facilitate integrated analysis 3. The impact of new knowledge concerning multiple stressors and synergistic interactions between radiation, other noxious agents and natural environmental challenges, such as climate change. 4. The impact of historic dose in the light of our new understanding of non-targeted effects (NTE) 5. The opportunity to exploit and validate new biomarkers coming from radiation biology, while recognising that population and ecosystem level biomarkers for fitness are required. 6. Impact of radiation induced epigenetic changes on individual organism and population fitness, adaptation and population genetic structure.
2. The discussions on these topics are summarised in the following sections 2.1. Development of big data approaches to gathering and analysing largescale complex ecosystem data: informatics, citizen scientists and ecological observatories
A prominent challenge to gathering data from exposed ecosystems is the level at which data needs to be collected and consequently the scale and depth of that collection. While a known deficiency of human radiological protection studies is the inability to introduce existing knowledge about individual sensitivity into exposure limits and damage assessment, we know hardly anything about the radiation sensitivity of most species of animals and plants or its individual variation. Moreover the health issues of concern in human radiation protection, which are used to set endpoints for damage assessment such as cancer or cardiovascular disease are rarely concerns in non-human species. A third challenge is that human radiation protection objectives are set at individual organism level of one single species, leading to a fit-for-purpose methodology of risk assessment. Since environmental protection objectives are set at population and ecosystem levels, associated methods of risk assessment that would address these levels are required (Bradshaw et al., 2014; Brechignac and Doi, 2009; Brechignac et al., 2016) . This means that human radiation protection approaches should not be repurposed to deal with environment protection.
The initial approach recommended by the ICRP includes the use of a small set of reference animals and plants (RAPs) which we discuss later. However these are difficult to justify given the range of biodiversity and the complexity of ecosystems. In fact, this approach is broadly speaking a simple extension from human radiation protection methods, involving the "reference man" concept (ICRP, 2008) . As such, it does not take due account of the fact, stated above, that the object of protection is different, i.e. populations of interacting species and their ecosystems. It is therefore difficult to demonstrate that this meets the objectives asserted for protection of the environment (Bradshaw et al., 2014; Brechignac et al., 2016) . While integration of human and other species in one same system of radiation protection may seem a laudable goal, it is currently more methodology-driven than conceptually-driven and does not capture the relative positions of human and other species within the ecosystem and how these interact with each other (Brechignac, 2017) .
Ten years ago, an Expert Group created by the NEA CRPPH (Committee on Radiation Protection and Public Health) acknowledged that efforts were generally fragmented and involved a range of disciplines (radiation biology, radioecology, environmental toxicology, ecotoxicology and ecology). They also accepted that environmental data collected over the last half century by the nuclear industry for surveillance purposes had not been utilised in an efficient, coordinated, manner and recommended the development of an international network or "Observatory" (NEA/OECD 2007). This international network was meant to allow researchers to coordinate and understand research in relevant fields based on past and on-going observations in the real environment and allow them to be linked with laboratory and theoretical developments. While observatories do currently exist at sites of known contamination, collection of much more data would be required to produce a picture of the impact of exposure on the ecosystem. In the area of human health there have recently been proposals for the establishment of a formal "exposome" i.e. a detailed, preferably life-time exposure assessment database (Wild, 2005) . Unlike the genome the exposome is highly variable and dynamic, and its establishment would presumably require significant infrastructure, standards, and commitment to legal and financial sustainability. A smaller scale and more feasible approach could be as proposed in the Section 2.3 dealing with multiple stressors.
It was acknowledged by the group that the 12 reference organisms can make a useful contribution it was also strongly agreed that these organisms do not sufficiently represent key niches in the ecosystem, (e.g., decomposers, predators, keystone species). Observing the interactions between species in an ecosystem under stress is critical in understanding how that system is responding, and many secondary and tertiary changes brought about through, for example direct radiation effects causing reproductive damage, loss of fitness and changes in population size and composition can affect other species not immediately impacted by radiation exposure. The unit of response is therefore not the organism or even the species but the ecosystem, congruent with concept of "planetary health" which is based on the understanding that human health and human civilization depend on flourishing natural systems and the wise stewardship of those natural systems (Whitmee et al., 2015) . This is a fundamentally different concept to that being currently implemented for human radiological safety. The subjects of data gathering will be case, environment and hypothesis dependent. For example the most useful organisms to study links between epigenetic effects and population level response need not be the same (or are unlikely to be the same) as those best suited to test ecosystem interactions between different species.
In all cases it would be necessary to pay more attention to the environment (or landscape/ ecosystem) those organisms inhabit. We believe that there needs to be increased focus on:
-Life history traits -Seasonal variation in migration, breeding, nutrition and predation etc. -Dose and dose rates to specific organs (e.g. reproduction) and timescales of important biological processes (e.g. spermatogenesis) -Presence of other environmental stressors, both natural and anthropogenic. -Other endpoint/markers (e.g. population and functional level)
With further consideration of:
-Homo/heterogeneous populations -Presence of organism in both contaminated and uncontaminated environments -Availability of DNA barcoding and individual identification -Power of metagenomics for the microbiome and -Factors likely to impact on radiosensitivity (e.g. ability to cope with oxidative stress)
Collection and processing of this data is likely to be significantly challenging. Collection may be helped with the encouragement of "citizen science" where tailored data capture tools can be rolled out to interested and enthusiastic non-experts to collect data. Such tools have already been prototyped and used in some environments such as "Scratchpads" (Smith et al., 2011) and automated recording tools for assessment of distribution of large mammals and birds have already been used at Chernobyl, including for example acoustic monitoring (Fukasawa et al., 2017) and phototraps. New informatics approaches to capturing data from images, particularly from plants are being developed, (Lobet, 2017) and huge scale metagenomic analyses of complex ecosystems such as the oceans have already yielded enormous volumes of information (Sunagawa et al., 2015) . Many of these problems and potential solutions are well understood and the current state of the art for biodiversity informatics discussed by Hardisty et al. (Hardisty et al., 2013) , but the particular application of these methodologies at multiple levels in the projected radioecological observatories has yet to be explored.
2.2. Complexity challenges; necessity to focus on a niche or a landscape since an ecosystem is too complex A key concern among the group was the complexity of ecosystems and the huge challenges of identifying chains of cause and effect, crossing intersecting levels of time, space and taxonomy. However the use of RAPs, while simple, does not really reveal anything about the actual situation facing an animal or plant in the field. Some species might be more sensitive to ionising radiation than others, and threatened with extinction. As part of a food chain, this may affect predators, irrespective their radiosensitivity. This is borne out by the instances where there is a lack of agreement between field and laboratory data (Beaugelin-Seiller et al., 2016; Garnier-Laplace et al., 2015) .
The discussion breakthrough was to realise that instead of trying to understand what ionising radiation might do across a complex ecosystem, it might be useful to think in terms of the RAPs, or better "CAPs" (for "Contextualised Animals and Plants"), contextualised in a niche or "landscape", instead of relying on selection of limited and isolated reference species. In radiobiology the idea of a microenvironment where the cell and its environment interact and communicate led to major advances in cell biology, in particular in suggesting new ways to understand and control cancer. RAPs, like cell types, can be understood only in the context of the niche or landscape they inhabit.
Analogies between adverse outcomes to humans and other species could be identified that directly affect the behaviour and functioning in the ecosystem. Such information may help to identify some key species in the ecosystem as a first approach to model the ecosystem. For example, low dose radiation might lead to eye lens opacity, an important issue in prey-predator interactions (Lehmann et al., 2016) . In utero low doses of ionising radiation at critical developmental time points are known to induce persistent effects on the brain structure and functioning including behavioural consequences in mice (Verreet et al., 2016) . Exposure to ionising radiation affects brain function in humans (Bazyka et al., 2014; Marazziti et al., 2016; Otake and Schull, 1998) , and compromises reproduction e.g. (Hurem et al., 2017) .
Modelling the effects/consequences of radiation on an ecosystem is a complex, spatial and temporal multiscale problem and has many similarities to modelling cancer growth by incorporating intra and intercellular changes and its interaction with its microenvironment (Powathil et al., 2015) . These mathematical models can help in studying, qualitatively and/or quantitatively, various processes involved in the cancer progression and treatment, predicting potential new therapies or best possible treatment strategies; and form testable hypotheses (Powathil et al., 2013 (Powathil et al., , 2016 . The development of the model clearly depends on the questions that we are asking or details that we are interested in. Are we interested in general health of ecosystem or do we like to know what is happening within the complex ecosystem? A possible modelling technique might be multiscale modelling approach, that includes essential details of the ecosystem such as RAPs and their interactions with each other and microenvironment. Similar examples can be found in the context of cancer modelling (Powathil et al., 2015) .
In a similar vein, we considered that it might be useful to think of "CAPs" selected as part of a simplified ecosystem that could both represent what is observed in the real environment, and be tested in parallel in laboratory microenvironments. The interest here being to open a path to theoretical modelling that would inform about such aspects as how toxic stress affects ecosystem resilience, and how different radio-sensitivities interact with/may affect ecosystem balances.
The problem with the current RAP approach is that the organism is considered without reference to the context of its environment. While target shape and volume, and isotope transfer routes may be considered, little attention is given to behaviour, lifestyle, lifecycle or position in the ecosystem. We consider however that the whole ecosystem approach, on the other hand, is too complex to allow regulation based on dose limits to be applied.
During the meeting the idea of a compromise approach was discussed at length. This "Landscape approach" represents an attempt to hybridise the two so that selected organisms can be viewed in relation to their actual environment -i.e. the "contextualised duck" is examined as an entity within a duck habitat doing what ducks do, and subjected to chronic, acute and seasonal stressors, such as diseases, environmental toxins, predation, compromised nutrition, and climate. A similar approach could be taken for each reference organism. A key issue here is to be able to monitor and assess biotic and abiotic interactions which are critical to the survival of a viable ecosphere. A landscape approach would require a consideration of both aspects of the particular ecosystem under investigation. It would also encompass microenvironments, for example the earthworm gut and its importance as a source of microorganisms needed for a soil to sustain other organisms.
One major issue is whether the current RAPs represent keystone species -ie those which, for their number, have a disproportionate effect on their ecosystem. This will change for different environments suggesting that rather than there being a set of "Platonic" RAPs for all situations, selection of a CAP should be situation dependent. With this approach RAPs may still be adopted as environmental sensors but as contextualised CAPs, so that modelling parameters can be selected which relate to the real-world nature of the species and not just to abstractions used so far in modelling such as surface area or generic location in soil, air, water or sediment. The intrinsic "duckness" of the duck may thus be captured.
Contributions of multiple stressors in the environment
A key insight coming from the radioecologists in the group was that when looking for effects of radiation in non-humans it is critical to understand that ionising radiation is but one of many stressors impacting biota in the field. At this moment, a lot of data exist on the effect of a single stressor on different organisms. However when more than one stressor is used even in a laboratory situation, it can be difficult to discern in these organisms which responses are from radiation and which are from the other stressors. This makes the experiments much more complex than standard lab experiments where one can give one stressor at a time. Based on existing data, extrapolations are made to estimate effects in the field. However, from (Garnier-Laplace et al., 2013) it is clear that there is a mismatch between data obtained in the lab and in the field. As such, one of the major challenges in looking at low dose effects in real environments is that any convergence of effector processes or exposure outcomes makes it difficult to disentangle the contribution of radiation from other stressors such as pesticides or heavy metals. This is particularly true when endpoints are stochastic rather than deterministic.
This means that a given dose of incident radiation or isotopic exposure can generate a different bioresponse in different contexts, and what might be deemed a safe level in one environment might be significantly damaging in another. Knowledge of the context in which radiation effects are being examined is therefore critical, the "stressor milieu" but also the history of these stressors in the environment, where the time of exposure, the changing combinations, different background values and possible sequencing of mixed exposures, can all in principle contribute to their impact on the environment. For example, (Vandenhove et al., 2010) found that the effects induced after exposing Arabidopsis thaliana plants to uranium and gamma exposure are different from the individually induced effects. In addition (Dallas et al., 2016) have shown that the genotoxic effect of tritium is dependent on the temperature, with more effect at higher temperature. This can be important in the light of the climate change, ultimately leading to higher environmental temperatures.
The confounding factors are particularly important during low or chronic dose exposures where they may dominate the outcome. The most important stressors in a certain ecosystem should be identified, and approached through techniques such as principal component analysis. Determining the share of ionising radiation in a complex mixture of stressors is of importance to optimise the radiation protection system, tailor-made to realistic exposure scenarios.
The group considered it essential to develop measures of stress effect or burden rather and to gather geographic and historical contextual data to better understand the impact of radiation within each environment. It is significant that an approach to radiological protection using such holistic descriptions of multiple environmental stressors and realistic scenarios has recently been incorporated onto the roadmap research plan for the MELODI, EURADOS, NERIS, ALLIANCE and EURAMED platforms coordinated by the European Commission (Impens et al., 2018) .
Importance of historic dose?
This insight came from radiobiology and may have profound implications for radioecology. A concern in the radioecology field is that there appears to be a big discrepancy between field data and that predicted using the FREDERICA and other databases (Copplestone et al., 2008; Garnier-Laplace et al., 2015) . The issue has resulted in heated, and sometimes acrimonious debate but an established phenomenon in radiobiology may hold the key. It has been known for over 30 years that persistent expression of genomic instability or lethal mutations can occur in progeny of irradiated cells which survive and reproduce apparently normally for many generations but carry a higher tolerance for mutation than the normal (unirradiated) population (Holmberg et al., 1993; Kadhim et al., 1992; Nagasawa and Little, 1992; Seymour et al., 1986) ; reviewed (Mothersill and Seymour, 2013) . The mechanism has been shown to occur in vivo (Kadhim et al., 1994; Pampfer and Streffer, 1989; Watson et al., 1996) and is now thought to be driven by epigenetic or extragenetic factors including cell signalling (Al-Mayah et al., 2012; Hei et al., 2011 ) (reviewed in (Hei et al., 2011) ), exosomes (Al-Mayah et al., 2012; Jella et al., 2014) , and biophotons (Le et al., 2017) . The typical dose response for these so-called non-targeted effects (NTE) is a considerable effect triggered by a very low dose which saturates and does not increase with increasing doses above 0.5 Gy (Prise et al., 2001; Seymour and Mothersill, 2000) . The non-clonal and stochastic genomic instability effects persist for as many generations as have been measured (at least 400 population doublings in culture and for 20 years in bank voles trapped from the post-Chernobyl exclusion zone (Ryabokon and Goncharova, 2006) ) (Marozik et al., 2007) . During the discussion this was interpreted to mean there may be an additional component to consider when determining dose effect relationships in radioecology. In addition to the ambient dose and the cumulative effect of the decaying chronic dose, it may be necessary to determine the likely degree of long term genomic instability induced in the system (i.e. the impact of the initial or historic dose). Similar related concerns are reflected in considering long term epigenetic changes in the population -discussed below. The instability is not necessarily adverse. A previous exposure to radiation, can lead to more resistant/adapted organisms, the phenomenon of hormesis. For example, (van de Walle et al., 2016) have shown that A. thaliana plants exposed to gamma radiation for two consecutive generations can probably deal more efficiently with reactive oxygen species produced after exposure to gamma radiation.
One way to study the effects of historic and non-targeted effects of radiation on ecological field and species within is through mathematical modelling. Once the model is developed, it can be used to test various hypotheses using the available experimental and field data to understand the discrepancy between field and available databases. Furthermore, modelling can help in the dynamic prediction of radiation effects and to adopt or develop appropriate measures to address it, as discussed above. Recently, mathematical modelling techniques (Powathil et al., 2016) have been used to study the role of bystander effects at low dose radiations and the inferences made by the models are subsequently confirmed by experimental studies (FernandezPalomo et al., 2016) .
2.5. Biomarkers from radiation biology can usefully be applied to individual organisms but population biomarkers of exposure and fitness are needed This insight came from the realisation by the radiobiologists that in radioecology biomarkers of population fitness are needed. It is accepted that endpoints used to predict harm in individuals are not very useful in predicting harm to populations because of individual variation but on a higher level we are still some distance from defining how radiationinduced "harm" might be defined in an ecological context.
Identification of such markers is in a way paradoxical in that markers of population effects still have to be assayed in individuals, and measurements in individuals representative for a population at risk will continue to be the point from which to extrapolate, not only to population risk but also to the impact on other interconnected populations, at least until there is more consensus about the feasibility of developing useful ecosystem level markers. A major problem here is that the variables and uncertainties involved in this extrapolation are largely unknown; we suffer from having too many "unknown unknowns". Molecular biology nowadays provides a wide variety of tools for screening (next generation sequencing) as well as validation purposes (quantitative PCR) on the DNA or RNA level.
Once again the analogy between the microenvironment of the tissue and the macroenvironment inhabited by biota is useful because it provides a way to bridge from individual level markers to those involving epigenetic processes operating at the population level. Epigenetic markers would include those controlling communication, methylation (controlling expression of characteristics) and those controlling signalling or behaviour which must have macromolecular analogues in the macroenvironment. The relevance of neuroscience biomarkers was suggested (Filiou and Turck, 2011) .
2.6. Impact of radiation induced epigenetic changes on individual organism and population fitness, adaptation and population genetic structure There is increasing evidence that the background mutation rate in plants and animals around Chernobyl and other contaminated sites is dramatically enhanced, in some cases estimated as giving rise to up to 44% of genetic variance in existing populations (Moller and Mousseau, 2015) . Provocatively Kovalchuk et al. reported an increased mutation rate only ten months after planting wheat plants in contaminated land near Chernobyl (Kovalchuk et al., 2000) . As this represents only one generation, the implication is that the rapid increase in genetic variance, entirely disproportionate to the amount of energy deposited by the known exposure, involves a non-classical mechanism of action which is not simply the deterministic chemical effect of ionising radiation on DNA.
More recently, evidence has accumulated that exposure to low dose ionising radiation can cause epigenetic changes, for example changes in CpG methylation which may be inherited across generations (Merrifield and Kovalchuk, 2013; Schofield, 1998; Schofield and Kondratowicz, 2017) . The implication of this is that in addition to accumulated DNA mutations, either caused directly and deterministically by interaction with DNA or through induced genomic instability, the induction of paramutations, or as often described, epimutations may have a significant effect on organismal phenotypes through alteration of patterns of gene expression. These changes, non-clonal, heritable and likely pleiotropic have received little attention as a potential aspect of radiation induced ecological damage. There is considerable evidence that these effects do occur in the wild and that both plants and animals are affected (Artemov et al., 2017; Herrera and Bazaga, 2010; Lighten et al., 2016; Xu et al., 2016) . The impact of such heritable changes in patterns of gene expression is conceivably at two levels -that of the individual organism, where changes might be either deleterious or beneficial in the prevailing environment, but also at the level of the overall genetic structure of the population.
More subtle, yet potentially highly perturbing, effects on the ecosystem have not been considered. Naturally-occurring epigenetic changes have been examined for many years in natural ecosystems, with still controversial assessments of the impact of epigenetic variation on the genetic structure of populations and contributions to fitness variance under changing selective pressure (Charlesworth et al., 2017; Geoghegan and Spencer, 2013; van der Graaf et al., 2015) . If epigenetic changes impact pleiotropically on genetically-determined quantitative traits it is conceivable that they could drive new alleles through the population faster than novel genetic variants alone, suggesting that we might see rapid selective sweeps of beneficial epigenetic and genetic alleles through populations, or genotypes and epigenotypes co-selected by their epistatic interactions. Modelling of "epigenetic drive" shows the potential for rapid spread of epigenetic and then beneficial genetic variants though the population under changing selective pressure (Geoghegan and Spencer, 2013; Kilvitis et al., 2014; Nishikawa and Kinjo, 2014) . The potential for interaction between radiation enhanced genetic mutation rates reported to date and enhanced paramutation rates is highly significant, and made more complex by the possibility that with the population new DNA mutations may "piggyback" on rapidly induced epimutations if they affect related aspects of fitness in an environment where other effects of radiation are also affecting selective pressures.
There may also be complex founder effects if the same epigenetic changes are induced in multiple individuals at the same time. It is entirely conceivable that beneficial alleles, say affecting reproductive success, might occur in one species, but a rapid spread through the population towards fixation will likely impact on other species and the structure of the ecosystem. Without taking a holistic view, at least of a niche or part of the landscape, tracking either biological markers or established phenotypic markers in one species will not provide information on the secondary deleterious changes, which may occur in months to years depending on the life cycle of the organism.
Conclusions
In conclusion, the workshop pointed a way forward for an approach to environmental radiation protection which avoids dealing with the enormous complexities of ecosystems while recognising that a reference organism is defined not only by its physical characteristics but also by its environment and the niche it occupies in the landscape. The term CAP (contextualised animals and plants) encapsulates this new paradigm and makes RAP (reference animals and plants) more meaningful and more amenable to site specific modelling and analysis.
The workshop recognised the importance of an ecosystem-based approach to how long-term low dose effects are examined, including as appropriate the presence of multiple stressors. The primary approach to radiological protection -protecting humans through protecting the environment -has shifted subtly in recent years from the use of animals as surrogates for humans to understanding the concept that environmental damage itself leads to damage of the anthroposphere, broadening the concept of damage from its initial focus on human neoplasia and compromised reproduction (Ceballos et al., 2017; European Commission and others, 2014; ICRP, 2008). At a time when anthropogenic damage to the ecosystems of the planet, with consequences for biodiversity and sustainability, this approach is much more aligned with our modern understanding of the interdependence of man and his environment, and the impact of anthropogenic ecological damage on humans themselves.
However it was recognised that the complexities of the ecosystem need to be simplified in order to allow identification and examination of potential ecological markers which could be used as indicators of ongoing processes in an ecosystem.
Analysing the role and impact of radiation in an ecosystem is a multiscale, complex problem, considering the amount of information and details that need to be incorporated within a wide range of spatial and temporal scales. A conclusion from the workshop was that in addition to potential predictive capabilities, multi-scale modelling approaches which use CAP can act as a tool to understand and dissect the role of various interactions within the overall behaviour of the ecosystem, which are usually nonlinear and less evident. The workshop recommendations also suggested that efforts be devoted to development of advanced conceptual methods to resolve the impact of multiple stressors. The low radiation dose issue, when dealing with most situations of environmental impact, involves a multiple stressor context and radiation impact cannot easily be distentangled from the impact of other stressors. This is because in real environments after low radiation dose exposure, there is usually no single dominant contaminant. This is likely to have important conceptual consequences because it means that the issue is about the cumulative effect of an addition of multiple small doses/concentrations of contaminants, which would be negligible if each one were considered in isolation.
Similarly, the workshop identified as important the consideration of mechanistic studies of low dose radiobiological phenomena such as delayed and non-targeted effects which could impact the dose response relationship, particularly if measurements of ambient dose are being made at time points distantly removed from the initial event.
This paper resulted from a multidisciplinary brainstorming approach to identify novel directions to cope with complexity. It is hoped it will stimulate further interdisciplinary efforts, by bringing together different but related communities in order to facilitate the emergence of a new conceptual methodology for truly demonstrating and achieving ecosystem protection.
